Nitrogen removal through the nitrite pathway has been successfully achieved using on-line aeration length control. However, it takes a long time period to get steady performance when using on-line control as the sole strategy. On the other hand, salt inhibition has also been used to achieve the nitrite pathway, with potentially adverse effects on the overall microbial community at high salt concentrations. The objective of this study is to develop a control strategy based on the combination of low salt inhibition levels and on-line control to accelerate the achievement of nitrite pathway in a sequencing batch reactor (SBR) treating domestic wastewater. Salt concentrations and on-line control parameters were chosen in batch tests. The recovery of the nitrite-oxidizing bacteria (NOB) activity was examined after stopping on-line control and salt dosing. The findings clearly show that combining salt inhibition at low salinity (5 g/L) with on-line pH control is an efficient strategy to achieve nitrogen removal via nitrite quickly and steadily.
INTRODUCTION
Achieving nitrogen removal through nitrification and denitrification via nitrite has been proved to reduce 25% of the oxygen requirements in the aerobic step and 40% of the Chemical Oxygen Demand (COD) in the denitrification stage. This is a process where ammonium is oxidized to nitrite, which is directly reduced to nitrogen gas.
However, reliable termination of nitrification at nitrite (nitritation) has been proved to be difficult. Several factors such as high temperature (T) (Mosquera-Corral et al. 2005) , low dissolved oxygen (DO) (Munch et al. 1996) , high concentrations of free ammonia (Balmelle et al. 1992; Vadivelu et al. 2006a Vadivelu et al. , 2007 , high concentrations of free nitrous acid (Vadivelu et al. 2006b) , and some chemical inhibitors (e.g. salts) (Hunik et al. 1992) have been suggested to promote the nitrite pathway by reducing the growth of nitrite-oxidizing bacteria (NOB). However, some of these factors can also be detrimental for other group of bacteria involved in nutrient removal including ammonia-oxidizing bacteria (AOB).
For nitrogen removal, on-line measurements of pH, DO, and ORP provide characteristic patterns that indicate the end of nitrification and denitrification processes (Alghusain et al. 1994; Wareham et al. 1994) . Recently, Lemaire et al. (2008) demonstrated that the nitrite pathway could be achieved successfully in SBR through the implementation of an automatic aeration length control based on the pH slope and oxygen uptake rate (OUR) calculated online. Yang et al. (2007) applied real-time control to a pilot-scale SBR with temperature ranging from 11.9 to 26.58C under normal DO conditions (2.5 mg O 2 /L). They reported that nitrogen removal via nitrite was successfully achieved for a long period (180 days) with average nitrite accumulation rate above 95% although the start-up phase was more than 60 days. Jubany et al. (2009 Jubany et al. ( ) doi: 10.2166 Jubany et al. ( /wst.2009 utilized an automatic inflow control loop based on on-line OUR measurements to maintain the partial nitrification for a long time (more than 100 days), which also took more than 50 days to start up. However, it usually takes a long period to get steady performance by using on-line control as the sole control strategy. Simulation studies using two-step nitrification model by Blackburne et al. (2008a) revealed that it was inherently difficult to completely eliminate NOB using aerobic length control as the sole selection factor, especially when NOB have more favorable growth kinetics in comparison to AOB.
Saline wastewater has been suggested to selectively inhibit NOB but not AOB (Peng et al. 2004a; Cui et al. 2006) . They showed that nitrite pathway could be rapidly achieved at a salinity of 10 g/L. However, the high salt concentration in the wastewater by salt addition adversely affected the normal bacterial growth due to high osmotic pressure (Panswad & Anan 1999) . On the other hand, lower salt levels may be not so efficient (Cui et al. 2006) . The wastewater was collected from a wet well located in the Beijing University of Technology campus on a daily basis. The influent characteristics are listed in Table 1 .
MATERIALS AND METHODS

Reactor operation and municipal saline wastewater
Experimental design
The SBR was operated for over 200 days and its operation was divided into four phases as described below. † Phase 1 (Days 0 -108): Start-up and stable operation.
The SBR was operated with fully nitrification and denitrification for more than 4 months to achieve 98% nitrogen removal before the nitrite pathway was attempted. Batch experiments were performed to find the best salt inhibition concentration and the control parameter (DO, pH). Batch tests were performed during Phase 1 to identify the salt concentration and the control parameter which will be used during Phase 2 and Phase 3. In each batch test, 400 mL of sludge was taken at the end of aerobic phase from the parent reactor and transferred into 4 parallel batch reactors. NaCl was added at the beginning of the aerobic The percentage of ammonia degradation (%NH þ 4 -N), nitrite accumulation rate NAR ¼ %ððNO 2 2 -NÞ=ðNO 2 2 -N þNO 2 3 -NÞÞ, specific ammonia uptake rate (SAUR) and specific nitrite uptake rate (SNUR) at different salt concentrations were compared to choose the optimum salt concentration for Phase 2.
Analyses
Most routine chemical analyses (i.e. TN, NH þ 4 -N, NO 2 3 -N, NO 2 2 -N, Cl 2 ) were conducted according to the standard methods (APHA 1995) . pH was measured with a WTW inoLab 340i hand-held instrument. Fluorescence in situ hybridization (FISH) was performed as described in Amann (1995) . Oligonucleotide probes used in this study were EUBmix (Daims et al. 1999) for the detection of all Bacteria, NTSPA662 (Daims et al. 2001) for Nitrospira and NIT3 for Nitrobacter and NSO1225 and NSO190 (Mobarry et al. 1996) , specific for Betaproteobacterial AOB. The images of FISH samples were captured using an OLYMPUS-BX52 epifluorescence microscope.
FISH quantification was carried out by Image-Pros Plus Software, where the relative abundance of the interested bacteria was determined as mean percentage of all bacteria.
RESULTS AND DISCUSION
SBR operation during phase 1 
Choosing the salt concentration
Eighteen batch tests were conducted using a range of salt concentrations from 5 g/L to 25 g/L to compare the effects of different salinity on ammonium and nitrite oxidation ( Figure 2 ). It is clear that higher salt concentration resulted in higher nitrite accumulation rate but lower SAUR and SNUR. NH þ 4 -N can not be totally oxidized in 7 hours when salt concentration was over 10 g/L. SAUR decreased sharply from 3.8 mgN gVSS 21 h 21 to 1.1 mgN gVSS 21 h 21when salinity was above 5 g/L. It suggests that higher salinity will also inhibit the activity of AOB. Similar results were also reported in previous studies. Uygur & Kargi (2004) operated a SBR with alternating aneraobic, anoxic, and oxic phases at various salt concentrations (0-60 g/L NaCl) and found that the NH þ 4 -N removal efficiency decreased from 96% to 39%. Dahl et al. (1997) observed that nitrification could take place under salt concentrations up to 20 g/L, with a maximum SAUR of 2 mgN gVSS 21 h 21 .
On the other hand, the nitrite accumulation rate (NAR) increased quickly and kept above 85% when salinity was over 7.5 g/L. The SNUR decreased sharply with the rise of NAR. Compared with SAUR, it clearly showed that NOB was more seriously affected by salt. Higher salt concentration is detrimental to both AOB and NOB but lower salt concentration only strongly inhibits NOB.
Choosing the online control parameter DO and pH profiles were monitored during each batch test performed with different salt concentrations ( Figure 3A and B). DO profiles changed irregularly between experiments, especially at higher salinity concentrations. One underlying reason could be that the DO saturation constant changed with the concentration of salt used (Sherwood et al. 1992) . Also the respiration of most bacteria could have been changed with increased salt concentrations.
Results also showed that pH changes detected in saline sewage were very similar between them and comparable to pH changes in the SBR during Phase 1. Similar trends were found below 25 g/L salinity. When salt level was above 25 g/L, pH profiles became very smooth during nitrification.
Ammonia valley could also appear if the aeration time was extended. pH was a more reliable control parameter than DO when salt was used. It was thus chosen as the on-line control parameter for nitrogen removal via the nitrite pathway in the SBR. Figure 4A ). In the 9th cycle ( Figure 4B) , nitrite became the only product at the end of aeration.
Compared with Phase 1, Figure 5 showed that after the combination of salt inhibition and on-line control strategy was applied, nitrite accumulation rate (NAR) increased rapidly and was up to 80% on the second day of Phase 2. NAR began to go down after 15 days. It indicated that, while NOB was strongly inhibited during the salt inhibition period, they were not totally washed out from the system at low salinity. FISH results also showed that the population of NOB was 1.5^0.3%, which was less than the half of that in Phase 1 (3.2^0.5%). In order to get permanent and stable partial nitrification, the population of nitrifiers needs to be optimized with long-term control to wash out NOB.
CONCLUSION
The feasibility of using a combination of online control and salt addition to achieve the nitrite pathway was assessed.
The findings from this work show that: † 5 g/L salinity is the best concentration to selectively inhibit NOB not AOB; pH is a more reliable on-line control parameter than DO in the presence of salt; † As soon as the strategy combining salt inhibition at 5 g/L salinity with pH as the on-line control parameter is applied, nitrite accumulation rate increases rapidly to 95% after 9 days. The strategy has been shown as an efficient way to achieve nitrogen removal via nitrite quickly and steadily; † NOB is not totally washed out from the system during 30-day control period; Long-term control is necessary to get permanent and stable partial nitrification.
